A novel colorimetric and fluorometric sensor with unique dual-channel emission to sequentially detect Cu 2+ and hydrogen sulfide (H 2 S) was synthesized from naphthalimide-rhodamine B through the PET and FRET mechanism. The sensor showed a selective "off-on" fluorescence response with a 120-fold increase toward Cu 2+ , and its limits of detection were 0.26 mM and 0.17 mM for UV-vis and fluorescence measurements, respectively. In addition, 1-Cu 2+ was an efficient "on-off" sensor to detect H 2 S with detection limits of 0.40 mM (UV-vis measurement) and 0.23 mM (fluorescence measurement), respectively. Furthermore, the sensor can also be used for biological imaging of intracellular staining in living cells. Therefore, the sensor should be highly promising for the detection of low level Cu 2+ and H 2 S with great potential in many practical applications.
Introduction
As many metal ions/anions play a signicant role in various biological and environmental processes, 1 Cu 2+ is an essential transition metal ion in some physiological and pathological processes and as a signicant catalytic cofactor for the synthesis of hemoglobin, elastin and collagen. 2, 3 However, an abnormal amount of Cu 2+ has signicant negative effects on human health since excessive Cu 2+ can cause oxidative stress and neurological disorders, such as Alzheimer's, Parkinson's and Wilson's diseases. [4] [5] [6] [7] Therefore, the development of sensitive and selective methods to detect Cu 2+ in biological and environment samples is very important. In the past decade, several techniques have been developed to detect Cu 2+ , such as highperformance liquid chromatography, inductively coupled plasma atomic emission spectrometry, mass spectrometry and atomic absorption spectrometry. [8] [9] [10] However, these techniques are laborious and time-consuming, and require expensive instruments. On the contrary, uorescent chemosensors are better and preferable approach for the recognition of Cu 2+ due to their simplicity, high selectivity and sensitivity, and rapid response. Therefore, sensitive uorescent chemosensors to trace and visualize Cu 2+ are highly demanded.
Over the past few years, selective recognition of anions has also gained much attention due to their vital role in biological systems, 11 but detection of anion under aqueous condition is still very challenging because water molecules compete with anions for binding sites. 12 Recently 24 In the metal replacement process, the binding capacity of anions and metal ions is greater than that of metal ions and sensors, and metal ions escape from the complex and restore to its original state, which leads to a change in the intensity or wavelength of absorption or emission spectra. 25 Compared with the traditional detection approaches, such as colorimetric and electrochemical assays, gas chromatography, the required equipments are complicated, time-consuming and costly, the utilization of known metalanion affinities that displays the metal ion from the sensorions complex releasing the ligand into the solution is an important method for sensing anions, due to its simple operation and high detection sensitivity and simplicity. Additionally, hydrogen sulde (H 2 S) is closely associated with these physiological processes, such as mediation of neurotransmission, relaxation of vascular smooth muscle and inhibition of insulin signaling. [26] [27] [28] However, excessive H 2 S can have a negative impact on human health. 29 Therefore, it is also signicant to develop powerful recognition and detection systems to monitor H 2 S. So far, utilization of copper-sulde affinity for sensing H 2 S has been reported (ESI Table 1 †), most of them exhibit changes only in uorescence intensity at one emission wavelength. By contrast, a dual-channel uorescence-enhanced/quenched sensor displays uorescence enhancement/quenched at two emission channels simultaneously upon binding with an analyte. Therefore, the development of dual-channel uorescent sensors is exceedingly sought because of their particularly favorable features such as high sensitivity, selectivity, and convenient visible emission assays due to improved signal-to-noise ratio. 30 However, to the best of our best knowledge, no sensor with uorescence-enhanced for sensing Cu 2+ and uorescence-quenched in dual-channel emissions for detecting H 2 S has been previously reported.
In this study, a new sensor for the sequential detection of Cu 2+ and H 2 S was synthesized based on naphthalimiderhodamine B derivative. The framework of rhodamine B was used to detect Cu 2+ , and the strategy of metal displacement was employed to detect H 2 S. In addition, the sensor was successfully applied to the biological imaging application in living cells. The whole detecting process for Cu 2+ and H 2 S not only provides a vivid sight by "naked eyes" with signicant changes in both color (light yellow-pink-light yellow), but also displays a selective uorescence "off-on-off" switching.
Experimental
Reagents All reagents were of analytical grade and purchased from commercial suppliers without further purication before use. 
and the absorbance and uorescence spectral data were recorded aer 5 min since the addition of the various anions. Fluorescence measurements were carried out with excitation and emission slit of 5 nm and 5 nm (l ex ¼ 325 nm).
Calculation of detection limits
The emission intensity and absorbance of sensor 1 were measured 10 times and the standard deviation of blank measurements was determined. To gain the slope, the uores-cence intensity of 1 (2.0 Â 10 À5 mol L À1 ) at 610 nm or the ratio change of absorbance (A 564 /A 425 ) was plotted as a concentration of Cu 2+ .
The detection limit was calculated with the following equation:
34,35

Detection limit ¼ 3s/k
Where s is the standard deviation of blank measurement, and k is the slope of the intensity versus Cu 2+ concentration.
Cell culture and imaging
HeLa cells (human cervical cancer cell) were cultured in DMEM (Dulbecco modied Eagle's medium) supplemented with 10% FBS (fetal bovine serum) in an atmosphere of 5% CO 2 and 95% air at 37 C. The cells were plated in 20 mM cell culture dishes and allowed to adhere overnight before experiments. Aer the HeLa cells were washed with phosphate-buffered saline (PBS) buffer, the cells were incubated with sensor 1 (20 mM) in the culture medium for 30 min. Aer the HeLa cells were rinsed with PBS three times, the cells were imaged with an OLYMPUS FV1000 confocal laser scanning microscope and the uores-cence emissions were collected at 460-560 nm for channel 1 and 570-670 nm for channel 2 (excited at 405 nm).
(0.24 g, 0.45 mmol) in CH 3 CN (40 mL), and K 2 CO 3 (0.069 g, 0.50 mmol) was added. Aer reuxing for 12 h, the mixture was cooled to room temperature. Then the solvent was removed and the crude product puried by column chromatography on silica gel using petroleum ether/ethyl acetate (v/v, 2/1) as the eluent to obtain target compound 1 (0. Fig. 1A and D, only Cu 2+ caused signicant absorption change of the light yellow solution of 1 with a distinct absorption peak at 564 nm and a color change from light yellow to pink, which corresponded to the characteristic absorption peak of the ring-opened form of the rhodamine B moiety. Meanwhile, no signicant response could be observed upon the addition of other metal ions. Similarly, as shown in Fig. 1B , the selectivity of the sensor 1 to various cations was observed in the uorescence spectra. The sensor 1 showed non-uorescence upon its excitation at 325 nm in the absence of metal ions in CH 3 CN-H 2 O (v/v, 9/1) solution. However, two uorescence emission bands were generated with the maximum at 528 nm and 610 nm upon the addition of Cu 2+ .
Simultaneously, the uorescent color changed from green to light yellow due to formation of complex 1-Cu 2+ (Fig. 1E) .
Although other competing metal ions caused slight uorescent intensity to enhance, such as Fe
3+
, Al 3+ and Cr 3+ , the enhanced uorescent intensity was far less than that of Cu 2+ under the same conditions. These results indicated that sensor 1 could be a "turn-on" chemosensor and serve as a "naked-eyes" chemosensor to selectively detect Cu 2+ over the other metal ions.
Subsequently, as shown in Fig. 1C , competition experiments were carried out through the monitoring of the change in the uorescence intensity at 610 nm upon the addition of 2.0 eq. of Cu 2+ to a solution of the sensor 1 in the presence of other metal ions (5.0 eq. , time dependent modulations in the uorescence spectra were monitored. The uorescence intensity at 610 nm was plotted as a function of time. As shown in Fig. 2A (Fig. S4 †) , and the detection limit was determined to be 0.26 mM based on 3s/k (Fig. S5 †) (s is the standard deviation of the blank signal and k is the slope of the linear calibration plot).
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As shown in Fig. 3B , without Cu 2+ , the sensor exhibited nonuorescence, upon the addition of Cu 2+ (0-2.0 eq.) to the (Fig. S6 †) . The uorescence detection limit was 0.17 mM based on 3s/k (Fig. S7 †) caused signicant change in the absorption spectrum, the absorbance at 564 nm was decreased remarkably with visible color change from pink to light yellow (Fig. 4D) . Similarly, as shown in Fig. 4B and E, only H 2 S caused two uorescence emission peaks at 528 nm and 610 nm to quench dramatically and the uorescence color was changed from bright yellow to green. With the addition of other anions to the solution of 1-Cu 2+ , none of those other anions caused signicant change in the uorescent spectrum, except that CO 3 2À caused negligible change in the uorescence intensity compared to H 2 S. The antiinterference performance of the 1-Cu 2+ to H 2 S was also further conrmed in competitive tests with other anions. As shown in Fig. 4C , the uorescence emission spectra at 610 nm displayed a similar pattern to that with H 2 S alone, and coexistence of equal amounts of other anions did not have any signicant interference on the H 2 S recognition, suggesting that all the tested anions did not interfere the sensing of H 2 S. Therefore, the 1-Cu 2+ complex had remarkable selectivity and excellent anti-interference toward H 2 S. To research the time-dependence of 1-Cu 2+ complex on H 2 S detection, the uorescence emission intensity of 1-Cu 2+ complex solution was studied. As shown in Fig. 5A (Fig. S8 †) , and the detection limit was estimated to 0.40 mM based on 3s/k (Fig. S9 †) . Similarly, as shown in Fig. 6B , when the 1-Cu 2+ complex was excited at 325 nm, the uorescence intensity around 528 nm and 615 nm was decreased with the continuous addition of H 2 S, and the uorescence intensity of 1-Cu 2+ complex was completely quenched when 4.0 eq. H 2 S were added. As shown in Fig. S10 , † there is a linear response relationship between the uorescence intensity of 1-Cu 2+ complex at 610 nm and H 2 S concentration within the range of 0-40 mM, and the linear equation was found to be Y ¼ À39.5825X + 1920.65909 (R 2 ¼ 0.9985). The uores-cence detection limit was measured to be 0.23 mM based on 3s/k (Fig. S11 †) .
Detection mechanism for Cu 2+ and H 2 S
The possible mechanism to detect Cu 2+ was studied through emission spectra and ESI-MS spectra. A Job plot experiments was carried out to study the binding stoichiometry between Cu 2+ and sensor 1 (Fig. 7A) . In this experiment, the total concentration of 1 and Cu 2+ was kept constant (40 mM). The maximum uorescence emission intensity at 610 nm was reached when the molar fraction was 0. (Fig. 7B) .
Meanwhile, rhodamine B group structure changed from spirolactam (non-uorescent) to ring-opening form in response to Cu 2+ could be explained with 13 C NMR spectrum, in which the 13 C NMR signal of the tertiary carbon (64.98 ppm) in the spirolactam ring of sensor 1 disappeared in the presence of Cu 2+ (Fig. 7C) .
FT-IR measurements were performed to investigate the mechanism of interactions between 1-Cu 2+ complex and H 2 S.
The FT-IR spectra of 1, 1-Cu 2+ and 1-Cu 2+ + H 2 S were shown in 44 By comparing the FT-IR spectra of 1 (Fig. 8A ) and 1-Cu 2+ (Fig. 8B) As shown in Fig. 9 , without Cu 2+ , the sensor 1 showed nonuorescence upon its excitation at 325 nm because the uo-rescence of amino-naphthalimide uorophore was quenched by the electron lone pair in the amino group of piperazine moiety through photo-induced electron transfer (PET) process.
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When Cu 2+ was added, Cu 2+ formed 1-Cu 2+ complex with the amino group on the piperazine of sensor 1, which interrupted the PET process and caused uorescence emission peaks of naphthalimide moiety at 528 nm, which indicated that the position of N atom in sensor 1 participate in the coordination with Cu 2+ complexes.
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Meanwhile, rhodamine B group changed from spirocyclic (non-uorescent) form to ringopening one in response to Cu 2+ , resulting in uorescence emission at 610 nm. In this process, the absorption spectrum of the open spirocycle form of the rhodamine B developed a signicant overlap with the emission spectrum of naphthalimide moiety and clearly offered the possibility of a FRET process (Fig. S12 †) .
Bioimaging applications
To demonstrate the potential application in the biological systems, HeLa cells were chosen to investigate the preliminarily application viability of the sensor 1 in intracellular imaging. The cells treated were imaged with confocal microscopy (OLYMPUS FV1000) upon the laser irradiation at 405 nm. The HeLa cells were incubated with sensor 1 (20 mM) for 30 min, and then HeLa cells were washed three times with PBS. As shown in Fig. 10B and C, the cells showed uorescence from the intracellular region at channel 1 (460-560 nm) and channel 2 (570-670 nm). These preliminary results suggested that the sensor is permeable to cell membrane and can be used to the biological imaging application for intracellular staining with dual-channel uorescence emission in living cells, which may have great potentials in bio-medical applications.
Conclusions
In conclusion, a uorescent "off-on-off" sensor for the sequential detection of Cu 2+ and H 2 S based on naphthalimiderhodamine B was designed and synthesized. The sensor displayed high selectivity and sensitivity to Cu 2+ over other cations.
The Cu 2+ detection of sensor 1 with a 1 : 1 binding stoichiometry was adequately supported by ESI-MS data and Job's plot analysis. Additionally, 1 could be used to the biological imaging application in living cells. More importantly, the 1-Cu 2+ complex could be successfully applied to selectively detect H 2 S over other anions through a de-complexation reaction. Therefore, the sensor 1 could be used to detect trace amount of Cu
2+
and H 2 S with remarkable changes in both color and uores-cence, which was greatly desirable for biological detection and imaging.
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